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,QWURGXFWLRQ
7KHSURSRUWLRQRI/DVHU:HOGHG%ODQNV/:%LQYHKLFOHGHVLJQKDVVLJQLILFDQWO\LQFUHDVHGWKLVODVWGHFDGH&DU
PDQXIDFWXUHUV DLP WR GHYHORSPRUH DQGPRUH OLJKWZHLJKW DQG VWURQJ FDU DUFKLWHFWXUHV WKDWPHHW ODWHVW FUDVK DQG
VDIHW\UHTXLUHPHQWV7KHPDLQEHQHILWVIRU/:%DUHPDVVDQGFRVWVDYLQJV0DVVVDYLQJVDUHDFKLHYHGGXHWRWKH
KLJKHU VWUHQJWK OHYHO FRPELQDWLRQV ,Q RUGHU WR DFKLHYH KLJKTXDOLW\ MRLQLQJ LW LV LPSRUWDQW WR KDYH D GHHS
XQGHUVWDQGLQJRIWKHPL[LQJSURFHVVGXULQJIXOOSHQHWUDWHGODVHUZHOGLQJ1RQHWKHOHVVPDQ\ZHOGLQJWHVWVDUHRIWHQ
SHUIRUPHG WR LGHQWLI\RSHUDWLQJSDUDPHWHUV OHDGLQJ WRDJRRG MRLQW7KHXVHRIQXPHULFDOPRGHOLQJDOORZV LQ WKH
VDPHWLPHWRFODULI\WKHPHFKDQLVPRIZHOGIRUPDWLRQDQGWRDWWDLQLPSRUWDQWVDYLQJVRIFRVWDQGWLPHGXULQJWKH
GHWHUPLQDWLRQ RI RSWLPDO RSHUDWLRQDO SDUDPHWHUV 7KH QXPHULFDO FDSDFLW\ RI FXUUHQW FRPSXWHUV PDNHV KLJKO\
GHWDLOHGVLPXODWLRQRIODVHUZHOGLQJSRVVLEOH2YHUWKHODVW\HDUVWKHFRPSOH[LW\DQGDFFXUDF\RIVLPXODWLRQPRGHOV
IRU ODVHU SURFHVVLQJ KDYH JUDGXDOO\ LQFUHDVHG IURP WKHUPDO PRGHO RQO\ .D]HPL DQG *ROGDN  WR
PXOWLSK\VLFDOPRGHOVWXG\LQJG\QDPLFEHKDYLRURIWKHNH\KROH&RXUWRLVHWDO
7KHSUHVHQWSDSHULVIRFXVHGRQPDVVWUDQVSRUWPHFKDQLVPVLQWKHZHOGSRRO0RVWRIPRGHOVDVVXPHGDODPLQDU
IOXLGIORZLQPHOWHG]RQH0DKUOHDQG6FKPLGW7RPDVKFKXNHWDO&RXUWRLV1HYHUWKHOHVV
VRPHVLPXODWLRQVZRUNZLWKWXUEXOHQWIORZPRGHOHYHQLI5H\QROGVQXPEHURUGHU LVDERXW5DLHWDO 
:DQJHW DO &KDNUDERUW\DQG&KDNUDERUW\ 7KHDLPRI WKHSUHVHQWPRGHO LV WR FDUU\RXW WKHEHVW
PDWKHPDWLFDO IOXLGIORZPRGHO WRSUHGLFWPL[LQJRIDOOR\HGHOHPHQWV LQZHOGSRRO/DPLQDUNİDQGNȦPRGHOV
KDYHEHHQWHVWHG)RUDORQJWLPHWKHGHYHORSPHQWRIIOXLGIORZPRGHOVRIZHOGLQJZDVKLQGHUHGE\DGLIILFXOW\WR
HOXFLGDWHWKHZHOGLQJSURFHVVE\GLUHFWREVHUYDWLRQRIIORZLQWKHZHOGSRRO5HFHQWO\GLUHFWREVHUYDWLRQRILQQHU
SURFHVVG\QDPLFKDVVKRZQWREHSRVVLEOHZLWKWKHXVHRIKLJKVSHHGLPDJLQJFRPELQHGZLWKDGYDQFHGVHQVRULQJ
DQGLOOXPLQDWLRQWHFKQLTXHV%ROH\HWDO,QRUGHUWRGHPRQVWUDWHWKHTXDQWLWDWLYHSUHGLFWLYHFDSDELOLWLHVRI
WKH SUHVHQW PRGHO post-mortem REVHUYDWLRQ LQYROYLQJ FKHPLFDO WUDFHUV ZDV LPSOLHG 7KHQ WKH PRGHO KDV EHHQ
DSSOLHGWRWKHFDVHRIKHWHURJHQHRXVZHOGVEHWZHHQSRRUDQGULFK0QVWHHOV

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/DVHUEHDPZHOGLQJZDVFDUULHGRXWZLWKD<E<$*ODVHUDSRZHURIN:DZHOGLQJYHORFLW\RIPPLQDQGD
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,QWZRFDVHVZHOGLQJRIKRPRJHQHRXVVWHHOZLWKSXUHQLFNHOIRLOVȝPWKLFNLQWURGXFHGEHWZHHQWKHZHOGHG
SODWHV)LJXUHDZDVSHUIRUPHG,QWKHILUVWFDVHWKHODVHUEHDPLVFHQWHUHGRQWKHQLFNHOIRLO)RUWKHVHFRQG
FDVHDȝPRIIVHWGLVWDQFHRIWKHODVHUEHDPIURPWKHPLGGOHRIWKHIRLOLVDSSOLHG,QWKHVHVFDVHVRXUDSSURDFK
DVGHVFULEHGE\'|UIOHULVWRDGGDPHWDOIRLOWKDWFDQEHXVHGDVDWUDFHU1LFNHOZDVFKRVHQDVWUDFHUWR
UHYHDO WKH PL[LQJ SURFHVV LQ WKH PHOWHG ]RQH EHFDXVH RI LWV VLPLODULW\ ZLWK LURQ LQ WHUP RI GHQVLW\ WKHUPDO
FRQGXFWLYLW\DQGKHDWFDSDFLW\,WLVVXSSRVHGWKDWWKHDGGLWLRQRIDVPDOOTXDQWLW\RIQLFNHOLQWKHPHOWHG]RQHGRHV
QRW PRGLI\ VLJQLILFDQWO\ WKH ORFDO WKHUPRSK\VLFDO SURSHUWLHV  ȝP WKLFN IRLOV DUH VXIILFLHQW WR HQVXUH JRRG
WUDFHDELOLW\ZLWK 6(0('; DQDO\VLV ,Q WKH WKLUG FDVH DPDQJDQHVH ULFK VWHHO ȦW0Q LV MRLQHGZLWK VWHHO
FRQWDLQLQJȦW0Q7KHODVHUEHDPLVFHQWHUHGZLWKWKHMRLQWOLQH)LJXUHE
Post-mortemPL[LQJPDSIRUPHGEHWZHHQGLVVLPLODUPHWDOVLVXVHGWRFRQFOXGHRQWKHIORZLQWKHPROWHQSRRO
,QGHHG LW LV VXSSRVHG WKDW WKH WUDQVSRUW RI VSHFLHV SURYLGHV D UHSUHVHQWDWLYH JOREDO LPDJH RI WKH FRQYHFWLRQ
SKHQRPHQDLQWKHZHOGSRRO%DVHGRQpost-mortem;PDSSLQJRIDGGLWLRQHOHPHQWLQZHOGFURVVVHFWLRQVVHYHUDO
K\SRWKHVLVRQIORZLQWKHZHOGSRROFDQEHPDGH('6HOHPHQWDQDO\VLVZDVSHUIRUPHGZLWKD-(2/-60/$
ILHOGHPLVVLRQ6(0HTXLSSHGZLWKDQ-(')(';V\VWHP


)LJ:HOGLQJFRQILJXUDWLRQFDVHVDDQGFDVHE
0RGHOGHVFULSWLRQ
3.1. General assumptions 
$QXPEHURIDVVXPSWLRQVKDYHEHHQPDGHWRGHYHORSWKHIROORZLQJWULGLPHQVLRQDOPRGHOZLWKWKHJRDOWRUHGXFH
WKHFRPSXWDWLRQWLPH
x DVWHDG\NH\KROHZLWKDFRQLFDOJHRPHWU\
x WHPSHUDWXUHLQVLGHWKHNH\KROHLVDVVXPHGWREHXQLIRUP7NH\KROH 7YDS
x WRSDQGERWWRPVXUIDFHVRIWKHZHOGDUHDVVXPHGWREHIODW
x KHDWWUDQVIHUDQGIOXLGIORZHTXDWLRQVDUHVWURQJO\FRXSOHG
x OLTXLGPHWDOLVDVVXPHGWREH1HZWRQLDQDQGLQFRPSUHVVLEOH
x TXDVLVWHDG\DSSURDFKLVXVHG
3.2. Geometry and mesh 
'XULQJNH\KROHODVHUZHOGLQJ WKHIRFXVHGODVHUEHDPLUUDGLDWHV WKHWRSVXUIDFHRI WKHVWHHOVKHHW LQGXFLQJWKH
IRUPDWLRQRIPHOWHG]RQH%HFDXVHRIWKHYHU\KLJKHQHUJ\GHQVLW\RIWKHODVHUWKHPDWHULDOTXLFNO\YDSRUL]HV7KH
FUHDWHGYDSRUSXVKHVWKHOLTXLGWRIRUPDYDSRUFDSLOODU\QDPHGDNH\KROH7KHLQWHUDFWLRQEHWZHHQUHFRLOSUHVVXUH
DQGRWKHUGULYLQJIRUFHVFRQWUROVWKHVWDELOLW\RIWKHNH\KROH$VWHDG\VWDWHLVDVVXPHGIRUWKHSUHVHQWVWXG\7KH
NH\KROHLVUHSUHVHQWHGE\DFRQHVKDSHGJHRPHWU\7KHPD[LPDOGLDPHWHURIWKHFRQHWRSVXUIDFHLVHTXDOWRWKH
GLDPHWHURIIRFXVHGODVHUVSRWߤ݉DQGWKHPLQLPDOGLDPHWHUERWWRPVXUIDFHLVHTXDOWRߤ݉7KHVKHHW
WKLFNQHVV LVFRQVHUYHG݉݉7ZRPHVKHVDUHXVHGIRU WKHFDOFXODWLRQDFRDUVHPHVK)LJXUHDWRREWDLQ
TXLFNO\ D ³JRRG´ LQLWLDO FRQGLWLRQ DQG D ILQH PHVK )LJXUH E WR VROYH WKH ZKROH RI HTXDWLRQV XVLQJ WKH
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SUHYLRXVO\ IRXQG VROXWLRQ$ UHSUHVHQWDWLYH YROXPH RI WKHZHOGHGEODQNV LVPHVKHG7HWUDKHGUDOPHVK RI ߤ݉
PD[LPDOVL]HZDVDGGLWLRQDOO\UHILQHGDURXQGWKHNH\KROH


)LJ&RDUVHPHVKDDQGILQHPHKE
3.3. Material properties 
2QH RI WKH PRVW LPSRUWDQW IHDWXUHV RI WKH
GLVVLPLODU ZHOG VLPXODWLRQ LV KDQGOLQJ WKH PDWHULDO
SURSHUWLHV 7KH PDWHULDO SURSHUWLHV DUH GHILQHG DV
IXQFWLRQ RI ORFDWLRQ DQG WHPSHUDWXUH 6PRRWKHG
³+HDYLVLGH VWHS IXQFWLRQV´ DUH HPSOR\HG WR VPRRWK
VKDUSFKDQJHVRIPDWHULDOSURSHUWLHVDW WKHERXQGDU\
RI GLVVLPLODU PHWDOV DQG LQ WKH SKDVH FKDQJH ]RQH
H[DPSOH RQ )LJXUH  7KH YDOXHV RI PDWHULDO
SURSHUWLHVDUHSUHVHQWHGLQ7DEOH

)LJ7KHUPDOFRQGXFWLYLW\RIȦW0QVWHHOZLWK+HDYLVLGH
VWHSIXQFWLRQ
7DEOH0DWHULDOSURSHUWLHV
3URSHUW\ ȦW0QVWHHO
>VROLGOLTXLG@
ȦW0QVWHHO
>VROLGOLTXLG@
)XVLRQWHPSHUDWXUHሺܭሻ  
+HDWRIIXVLRQሺ݇ܬǤ ݇݃ିଵሻ  
+HDWFDSDFLW\ሺܬǤ ݇݃ିଵǤ ܭିଵሻ >@ >@
'HQVLW\ሺ݇݃Ǥ݉ିଷሻ ͹ͺͲͲȀሺͳ ൅ ߚ ڄ ܶሻ ͹ͷͲͲȀሺͳ ൅ ߚ ڄ ܶሻ
7KHUPRGHQVLW\FRHIILFLHQWߚሺܭିଵሻ ͳͷ ڄ ͳͲି଺ ʹͲ ڄ ͳͲି଺
7KHUPDOFRQGXFWLYLW\ሺܹǤ݉ିଵǤܭିଵሻ >@ >@
9LVFRVLW\ሺܲܽǤ ݏሻ >@ >@
*RYHUQLQJHTXDWLRQV
+HDW WUDQVIHU IORZDQG WUDQVSRUWRIGLOXWHGVSHFLHVSUREOHPVDUHVROYHGZLWK&2062/0XOW\SK\VLFV ,Q
VHJUHJDWHGUHVROXWLRQGLUHFW3$5',62VROYHUVDUHXVHGWRFDOFXODWHYDULDEOH7DQGLWHUDWLYH*05(6VROYHULVXVHG
WRFDOFXODWHIOXLGIORZDQGWUDQVSRUWVSHFLHVYDULDEOHV7KHXVHRILWHUDWLYHVROYHUDOORZVUHGXFLQJWKHXVHRI5$0
4.1. Heat transfer 
7KHHQHUJ\HTXDWLRQVROYHGZLWKFRQYHFWLRQWHUPSURYLGHVWHPSHUDWXUHILHOGRYHUWKHHQWLUHGRPDLQ%HFDXVHRI
WKHTXDVLVWHDG\DSSURDFKWKHYHORFLW\ILHOG࢛KDVDFRQVWDQWWHUPܸLQWKHZHOGLQJGLUHFWLRQDGGHGDWWKHFDOFXODWHG
YHORFLW\ILHOG
ߩܥ௣࢛ ڄ ߘܶ ൅ ߘሺെߣߘܶሻ ൌ Ͳ  (1) 
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7KHIXVLRQLVWDNHQLQWRDFFRXQWE\XVLQJHTXLYDOHQWHQWKDOS\PHWKRG
ܥ௣ሺܶሻ ൌ ܥ௣כሺܶሻ ൅ ߜ ڄ ܮ௙  (2) 
ZKHUHߜLVD*DXVVLDQGLVWULEXWLRQGHILQHGDV
ߜ ൌ ଵ
௱்ڄξగ
ڄ ݁
೅ష೅೑
೩೅   (3) 
4.2. Fluid flow  
7KUHHGLIIHUHQWIORZPRGHOVKDYHEHHQWHVWHGLQRUGHUWRFRQFOXGHRQWKHEHVWFKRLFHWRVLPXODWHIXOOSHQHWUDWHG
ODVHUZHOGLQJRIGLVVLPLODUVWHHOV7KHJRYHUQLQJHTXDWLRQVIRUPDVVFRQVHUYDWLRQPRPHQWXPDQGHQHUJ\WUDQVSRUW
LQVWHDG\VWDWHIRUPXODWLRQDUHDVIROORZVDV WKH\DUH LPSOHPHQWHGZLWKLQWKHVLPXODWLRQIUDPHZRUNRI&2062/
0XOWLSK\VLFV£
%HFDXVHRIWKH5H\QROGVQXPEHUFORVHWRIRUDIORZDURXQGDF\OLQGHUDIORZUHJLPHRIWUDQVLWLRQFDQH[LVW
)RU5HWKHIORZLVODPLQDUDQG5H!WKHIORZLVIXOO\WXUEXOHQW%HWZHHQWKHVHWZRYDOXHVLQWHUPHGLDWH
IORZUHJLPHVFDQEHREVHUYHGOLNHUHFLUFXODWLQJIORZRUYRUWH[HVPDNLQJ.DUPDQ¶VSDWKV*X\RQHWDO7KH
IROORZLQJ1DYLHU6WRNHVHTXDWLRQVZHUHILUVWRIDOOWHVWHGLQVLPXODWLRQ
ߩߘ ڄ ሺ࢛ሻ ൌ Ͳ
ߩሺ࢛ ڄ ߘሻ࢛ ൌ ߘ ڄ ሾെ݌ࡵ ൅ ߤ ڄ ሺߘ࢛ ൅ ሺߘ࢛ሻ்ሻሿ െ ߩࢍ ൅ ܨெ
 (4) 
7KHQ5H\QROGV$YHUDJHG1DYLHU6WRFNHVWXUEXOHQWPRGHOKDYHEHHQXVHGLQRUGHUWRWDNHLQWRDFFRXQWWXUEXOHQW
PL[LQJFDXVHGE\HGG\GLIIXVLYLW\2QWKHRQHKDQGWKH݇ െ ߝPRGHOLVYHU\SRSXODUIRULQGXVWULDODSSOLFDWLRQVGXH
WR LWV JRRG FRQYHUJHQFH UDWH DQG UHODWLYHO\ ORZPHPRU\ UHTXLUHPHQWV1HYHUWKHOHVV LW GRHV QRW YHU\ DFFXUDWHO\
FRPSXWHIORZILHOGVWKDWH[KLELWDGYHUVHSUHVVXUHJUDGLHQWVVWURQJFXUYDWXUHWRWKHIORZRUMHWIORZ,WGRHVSHUIRUP
ZHOOIRUH[WHUQDOIORZSUREOHPVDURXQGFRPSOH[JHRPHWULHV2QWKHRWKHUKDQGWKH݇ െ ߱PRGHOLVXVHIXOLQPDQ\
FDVHVZKHUH WKH݇ െ ߝPRGHO LVQRWDFFXUDWHVXFKDV LQWHUQDOIORZVIORZV WKDWH[KLELWVWURQJFXUYDWXUHVHSDUDWHG
IORZVDQGMHWV6LQFHWRSDQGERWWRPVXUIDFHVDUHDVVXPHGWREHIODWWKHQXPHULFDOPRGHOVLPXODWHVDQLQWHUQDOIORZ
DQGWKXV݇ െ ߱PRGHOVHHPVWREHEHWWHU+RZHYHUERWKWXUEXOHQWPRGHOVKDYHEHHQSHUIRUPHGWRFRQFOXGHRQWKH
EHVWPRGHOWRXVH7KHIROORZLQJHTXDWLRQVDUHDERXWWKH݇ െ ߝPRGHO
ߩߘ ڄ ሺ࢛ሻ ൌ Ͳ
ߩሺ࢛ ڄ ߘሻ࢛ ൌ ߘ ڄ ሾെ݌ࡵ ൅ ሺߤ ൅ ߤ்ሻሺߘ࢛ ൅ ሺߘ࢛ሻ்ሻሿ െ ߩࢍ ൅ ܨெ
ߩሺ࢛ ڄ ߘሻ݇ ൌ ߘ ڄ ቂቀߤ ൅ ఓ೅
ఙೖ
ቁߘ݇ቃ ൅ ݌௞ െ ߩߝ
ߩሺ࢛ ڄ ߘሻߝ ൌ ߘ ڄ ቂቀߤ ൅ ఓ೅
ఙഄ
ቁ ߘߝቃ ൅ ܥఌଵ
ఌ
௞
݌௞ െ ܥఌଶߩ
ఌమ
௞
ߤ் ൌ ߩܥߤ
௞మ
ఌ
݌௞ ൌ ߤ்ሾߘ࢛ǣ ሺߘ࢛ ൅ ሺߘ࢛ሻ்ሻሿ
 (5) 
DQGWKHODVWHTXDWLRQVDERXWWKH݇ െ ߱PRGHO
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ߩߘ ڄ ሺ࢛ሻ ൌ Ͳ
ߩሺ࢛ ڄ ߘሻ࢛ ൌ ߘ ڄ ሾെ݌ࡵ ൅ ሺߤ ൅ ߤ்ሻሺߘ࢛ ൅ ሺߘ࢛ሻ்ሻሿ െ ߩࢍ ൅ ܨெ
ߩሺ࢛ ڄ ߘሻ݇ ൌ ߘ ڄ ሾሺߤ ൅ ߤ்ߪ௞כሻߘ݇ሿ ൅ ݌௞ െ ߚ଴כߩ߱݇
ߩሺ࢛ ڄ ߘሻ߱ ൌ ߘ ڄ ሾሺߤ ൅ ߤ்ߪఠሻߘ߱ሿ ൅ ߙ
ఠ
௞
݌௞ െ ߩߚ଴߱ଶ
ߤ் ൌ ߩ
௞
ఠ
݌௞ ൌ ߤ்ሾߘ࢛ǣ ሺߘ࢛ ൅ ሺߘ࢛ሻ்ሻሿ
 (6) 
7KHPRYLQJVROLGOLTXLGLQWHUIDFHLVPRGHOHGWKURXJKFKDQJLQJWKHYLVFRVLW\RI WKHIOXLG'\QDPLFYLVFRVLW\ LV
WHPSHUDWXUHGHSHQGHQWVROLGLVDVVXPHGDVDQHTXLYDOHQWOLTXLGZLWKDYLVFRVLW\RIܲܽǤ ݏ
4.3. Fick Law for diluted species 
7RVWXG\WUDQVSRUWRIVSHFLHVLQZHOGSRRO)LFNODZKDVEHHQXVHG
ߘ ڄ ሺെܦ௜ߘܿ௜ ൅ ࢛ܿ௜ሻ ൌ Ͳ  (7) 
ZKHUHܦ௜WKHGLIIXVLRQFRHIILFLHQWRIWKHHOHPHQW݅LVGHILQHGE\WKHIROORZLQJHTXDWLRQ
ܦ௜ሺܶሻ ൌ ܦ௧௛௘௥௠௔௟ሺܶሻ ൅ ܦ௧௨௥௕௨௟௘௡௧ሺܶሻ ൌ
௞ಳ்
଺గ௥೔ఓ
൅ ξଶ
ଶ
ߥ் (8) 
7KH WHUPܦ௧௨௥௕௨௟௘௡௧ሺܶሻHTXDOV ]HURZKHQ WKH ODPLQDU IORZFRQGLWLRQ LV VROYHG'HQVLW\ FRQGXFWLYLW\ DQGKHDW
FDSDFLW\DUHFRQVLGHUHGDVLQGHSHQGHQWRIVSHFLHV
4.4. Boundary conditions 
7KHLQSXWSRZHULVPRGHOHGE\DXQLIRUPWHPSHUDWXUHRQWKHNH\KROHZDOOV6\PPHWULFFRQGLWLRQLVDSSOLHGRQ
ODWHUDO ZDOOV 7KH KHDW LV H[FKDQJHG EHWZHHQ WKHZHOG SODWHV DQG HQYLURQPHQW FRQVHTXHQWO\ KHDW ORVVHV GXH WR
FRQYHFWLRQDQG UDGLDWLRQDUH WDNHQ LQWRDFFRXQW WKURXJKRXWDJOREDOKHDWH[FKDQJHFRHIILFLHQWRQ WRSDQGERWWRP
VXUIDFHV
ߣߘሬԦܶ ڄ ሬ݊Ԧ ൌ െ݄௚ሺܶ െ ଴ܶሻ  (9) 
,QIORZFRQGLWLRQDWZHOGLQJYHORFLW\LVLPSRVHGRQIURQWVXUIDFHDQGRXWIORZFRQGLWLRQDWFRQVWDQWSUHVVXUHRQ
EDFNVXUIDFH6OLGLQJZDOOVDUH LPSRVHGRQZKROHVXUIDFHV'XH WR WKHYDULDWLRQRI WKHVXUIDFH WHQVLRQFRHIILFLHQW
ZLWKWHPSHUDWXUH
ߛ ൌ ߛ଴ ൅
ௗఊ
ௗ்
ڄ ሺܶ െ ௙ܶሻ  (10) 
0DUDQJRQL HIIHFW ZKLFK LV RQH RI GULYLQJ IRUFHV LQ WKH ZHOG SRRO LV WDNHQ LQWR DFFRXQW RQ WRS DQG ERWWRP
VXUIDFHV
ܨெ ൌ  డఊ
డ்
ڄ డ்
డఛ
  (11) 
)XOOSHQHWUDWHGZHOGLQJSURGXFHVDKLJKYHORFLW\MHWRIJDVRXWRIWKHNH\KROH,QWKHOLWHUDWXUHDYHORFLW\RIWKH
PHWDOOLF YDSRXU JDV QDPHG SOXPH KLJKHU WKDQͳͲͲ݉Ǥ ݏିଵFDQ EH IRXQG $PDUD DQG%HQGLG  7KH VKHDU
VWUHVV LQGXFHGE\ WKH LQWHUDFWLRQRI WKHSOXPHRQ WKH OLTXLGPHWDO FDQ¶W EHQHJOHFWHG DQGKDVEHHQ LQWURGXFHG WR
VXUIDFHVRIWKHNH\KROHDVDZHDNFRQWULEXWLRQ7KLVSKHQRPHQRQLVVWLOOPLVXQGHUVWRRGDQGLQWKLVPRGHOWKHVKHDU
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VWUHVVLVDVVXPHGWREHDFRQVWDQW&RQVLGHULQJWKDWWKHIORZLQVLGHWKHYDSRUSOXPHLVODPLQDUWKH'DUF\:HLVEDFN
HTXDWLRQJLYHVDQRUGHURIPDJQLWXGHIRUWKHVKHDUVWUHVVEHWZHHQOLTXLGPHWDODQGYDSRUSOXPH
߬௣ ൌ
ଵ
଼
݂ߩ௣ ௣ܸଶ  (12) 
ZKHUH݂ ൌ ͸ͶȀܴ݁IRUDODPLQDUIORZ$YHORFLW\RIWKHSOXPH ௣ܸ ൌ ͳͲͲ݉Ǥ ݏିଵJLYHVDVKHDUVWUHVVRIܰǤ݉ିଶ
7KLVYDOXHLVFXUUHQWO\XVHGLQRXUQXPHULFDOPRGHOVZLWKRXWH[SHULPHQWDOYDOLGDWLRQ
7KHFRQFHQWUDWLRQܿIURPWKH)LFNODZLVOLPLWHGDWWKHLQIORZVXUIDFH2WKHUVVXUIDFHVH[FHSWRXWIORZVXUIDFH
DUHLPSRVHGWRQRIOX[FRQGLWLRQ
5HVXOWVDQGGLVFXVVLRQ
7RYDOLGDWHRXUDSSURDFKWKHQXPHULFDOUHVXOWVKDYHEHHQFRQIURQWHGWRH[SHULPHQWDOWHVWV
5.1. Weld shape 
$QKRXUJODVVZHOGVKDSHLVJHQHUDOO\REVHUYHGIRU
IXOOSHQHWUDWHG ODVHU ZHOGV 1XPHULFDOO\ D QHJDWLYH
WHPSHUDWXUH FRHIILFLHQW RI VXUIDFH WHQVLRQ UHVXOWV LQ
KRXUJODVV ZHOG VKDSH 7KH PHWDO IORZV IURP WKH
KLJKHUWHPSHUDWXUH NH\KROH ERXQGDU\ WR WKH ORZHU
WHPSHUDWXUH PROWHQ SRRO ERXQGDU\ DQG OHDGV WR WKH
H[SDQVLRQ RI WKH IXVLRQ ]RQH DW WKH WRS DQG WKH
ERWWRP VXUIDFHV )LJXUH 7DNLQJ LQWR DFFRXQW WKH
KRXUJODVV VKDSH RI ZHOG FURVVVHFWLRQ WKUHH
FKDUDFWHULVWLFGLPHQVLRQVRIPHOWHG]RQHZHUHFKRVHQ
WR FRQWURO WKH FRQFRUGDQFH RI FDOFXODWHG DQG
H[SHULPHQWDOVROLGXVOLQHZHOGZLGWKLVPHDVXUHGRQ
WRS/DQGERWWRP/VXUIDFHVDQGLQWKHPLGGOH
/RIPHOWHG]RQH


)LJ([SHULPHQWDOYVQXPHULFDOPHOWHG]RQHVIRUFDVH
7DEOH'FURVVVHFWLRQVሺߤ݉ሻRIH[SHULPHQWDODQGFDOFXODWHGPHOWHG]RQHVFRPSDUDEOH
'LPHQVLRQVሺߤ݉ሻ &DVH &DVH &DVH
lam ݇ െ ߝ ݇ െ ߱ lam ݇ െ ߝ ݇ െ ߱ lam ݇ െ ߝ ݇ െ ߱
/ ([S         
&DOF         
ࢾሺΨሻ         
/ ([S         
&DOF         
ࢾሺΨሻ         
/ ([S         
&DOF         
ࢾሺΨሻ         

)LUVW EHFDXVH RI WKH K\SRWKHVLV WKDW PDWHULDO SURSHUWLHV DUH LQGHSHQGHQW RI VSHFLHV FRQFHQWUDWLRQ QXPHULFDO
UHVXOWVRQ WKHZHOGGLPHQVLRQVKDYHEHHQIRXQGHTXDO IRU WKHFDVHDQG7KHQ WKHGLIIHUHQW IORZPRGHOVJLYH
VLPLODUUHVXOWV5HODWLYHHUURULQIHULRUWRLVREVHUYHG7DEOH7KXVWKHVWXG\RIZHOGVKDSHGLPHQVLRQVGRHV
QRWGLVFULPLQDWHRQHRIWKHWKUHHIORZPRGHOVWHVWHG
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5.2. Flow field in the weld pool 
1XPHULFDOVLPXODWLRQVLOOXVWUDWHWKDWIRXUHGGLHVDUHIRUPHGQHDUWKHWRSDQGERWWRPVXUIDFHVGXHWR0DUDQJRQL
FRQYHFWLRQ)LJXUH,WFDQEHQRWLFHGWKDWWKHYHORFLW\LQWKHZHOGSRROLVKLJKHULQWKHVHHGGLHVLQSDUWLFXODUQH[W
WR WRS DQG ERWWRP VXUIDFHV 7KHUPRFDSLOODU\ HIIHFWV DFFHOHUDWH WKH IOXLG XS WRͲǤͷ݉Ǥ ݏିଵLH ILYH WLPH WKH ODVHU
ZHOGLQJYHORFLW\%HFDXVHRIDQHJDWLYHWHPSHUDWXUHFRHIILFLHQWRIVXUIDFHWHQVLRQWKHIORZJRHVIURPWKHFHQWHUWR
WKHERXQGDULHVRIWKHZHOGSRRO,QFURVVVHFWLRQ)LJXUHWKHGLIIHUHQFHEHWZHHQWKHWKUHHIORZPRGHOVLVVPDOO
WKHYHORFLW\PDJQLWXGHLVKLJKHUZLWKODPLQDUIORZEXWPDLQIORZVDUHVLPLODU

)LJ6WUHDPOLQHVLQDFURVVVHFWLRQKDYLQJPD[LPDOPHOWHG]RQHIRUFDVHFRORUVFDOHLVWKHYHORFLW\PDJQLWXGHሺ࢓Ǥ ࢙ି૚ሻLQEODFNWKHPHOWLQJ
SRLQWDQGUHGDUURZWKHYHORFLW\ILHOG/DPLQDUIORZDWXUEXOHQW࢑ െ ࢿIORZEDQGWXUEXOHQW࢑ െ ࣓IORZF
,Q ORQJLWXGLQDO REVHUYDWLRQ WZR HGGLHV FDQ EH
REVHUYHG LQ\]SODQH )LJXUH7KHSOXPHDKLJK
YHORFLW\MHWRIJDVJHQHUDWHVDVWURQJVKHDUVWUHVVDQG
VHWV WKH OLTXLG LQ PRWLRQ 7KHVH HGGLHV VHHP WR EH
PDLQ GULYLQJ IRUFH IRU PL[LQJ LQ ] GLUHFWLRQ 7KH
YRUWH[ VL]H DQG WKH YHORFLW\ ILHOG LQVLGH WKH YRUWH[
GHSHQG RQ WKLV SOXPH 2QFH DJDLQ WKH YHORFLW\
PDJQLWXGH LV KLJKHUZLWK ODPLQDU IORZͳ݉Ǥ ݏିଵKDV
EHHQIRXQGRQVXUIDFHRIWKHZHOGSRRO1HYHUWKHOHVV
LQORQJLWXGLQDOVHFWLRQWKHODPLQDUPRGHO)LJXUH±
D VKRZV RQH PRUH YRUWH[ WKDQ WKH WXUEXOHQW
PRGHOV ,Q WKH IROORZLQJ VHFWLRQ WKH LPSRUWDQFH RI
FRQYHFWLYH WHUP LQ)LFN/DZ ORZZLOO EH GLVFXVVHG
7KXV LWKDV WREHQRWHGWKDWWKHODPLQDUIORZVROYHV
ELJYRUWH[ZLWKKLJKGHJUHHRIWROHUDQFHEXWGRHVQRW
VROYH HGGLHV ZKLFK DUH VPDOOHU WKDQ WKH PHVK VL]H
DQGWKHWXUEXOHQWPRGHOVVROYHDQDYHUDJHIORZILHOG
LQPHOWHGSRRO

)LJ6WUHDPOLQHVLQDORQJLWXGLQDOVHFWLRQIRUFDVHFRORUVFDOH
LVWKHYHORFLW\PDJQLWXGHሺ࢓Ǥ ࢙ି૚ሻDQGUHGDUURZWKHYHORFLW\
ILHOG/DPLQDUIORZDWXUEXOHQW࢑ െ ࢿIORZEDQGWXUEXOHQW
࢑ െ ࣓IORZF
5.3. Transport of diluted species 
1XPHULFDOUHVXOWVVKRZWKDWWKHUPDOGLIIXVLYHWUDQVSRUWFDQEHQHJOHFWHGLQWKLVVWXG\EHFDXVHRIWKHKLJKFRROLQJ
UDWH $ UHODWLYH HUURU EHORZ  EHWZHHQ FDOFXODWLRQV ZLWK WKHUPDO GLIIXVLRQ FRHIILFLHQW RIͳͲି଼݉ଶǤ ݏିଵ DQG
ͳͲିଶ଴݉ଶǤ ݏିଵKDVEHHQIRXQG,WLVDQHVVHQWLDOUHVXOWIRUWKLVVWXG\EHFDXVHWKHFRQYHFWLYHWHUPDQGWKHWXUEXOHQW
GLIIXVLYH WHUP LQ WKH )LFN ODZ DUH SUHSRQGHUDQW FRPSDUHG WR WKH WKHUPDO GLIIXVLYH WHUP 7KH FRQYHFWLYH WHUP LV
GLUHFWO\SURSRUWLRQDO WR WKHYHORFLW\ILHOG7KHFRQYHFWLRQSUREOHPKDVWREHVROYHGZLWKDKLJKOHYHORISUHFLVLRQ
EHFDXVH WKHTXDOLW\DQGUHDOLVPRI WKHUHVXOWLQJYHORFLW\ ILHOGKDVDGLUHFW LPSDFWRQ WKHFRUUHVSRQGHQFHEHWZHHQ
QXPHULFDO DQG H[SHULPHQWDO HOHPHQW PDSSLQJ 7KH FKDOOHQJH LV WR YDOLGDWH QXPHULFDO IORZ ILHOG ZLWK KHOS RI
H[SHULPHQWDO REVHUYDWLRQV Post-mortem ;PDSSLQJ RI DOOR\LQJ HOHPHQW OLNH QLFNHO DQG PDQJDQHVH LV XVHG WR
FRQFOXGHRQPDWWHUWUDQVSRUWPHFKDQLVPV
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)LUVW)LFNODZFDOFXODWLRQVGRQRWFRQYHUJHIRUWHVWVZRUNLQJZLWKWXUEXOHQW݇ െ ߝIORZPRGHOHYHQLIWKHVDPH
GHIDXOWVROYHUEHWZHHQDOOQLQHQXPHULFDOWHVWVLVXVHG7KHRQO\GLIIHUHQFHLQ)LFNODZHTXDWLRQIRUWKHWKUHHWHVWV
FDOFXODWHG ZLWK݇ െ ߝ 1DYLHU6WRFNHV PRGHO LV WKH GLIIXVLYH WHUP LQ HTXDWLRQ  7KH FLQHPDWLF YLVFRVLW\ߥ்
FDOFXODWHG ZLWK݇ െ ߝ PRGHO VHHPV WR SURGXFH RVFLOODWLRQ RI )LFN ODZ VROXWLRQ 7KXV WKH݇ െ ߝ PRGHO LV QRW
DGDSWHGWRWKLVVWXG\DQGRQO\WKHODPLQDUDQG݇ െ ߱PRGHOVZLOOEHVWXGLHGWRILQGWKHEHVWIORZPRGHOIRUVWXG\LQJ
ODVHUZHOGLQJEHWZHHQGLVVLPLODUPDWHULDOV)LJXUH

)LJ([SHULPHQWDODQGQXPHULFDOGLVWULEXWLRQVRIDOOR\LQJHOHPHQWVሺ߱ݐΨሻDORQJWKHOLQH//DQG/IRUWKHWKUHHFDVHV1LPDVVIUDFWLRQ
IRUFDVHDQGDQG0QPDVVIUDFWLRQIRUFDVH
3HDNVRIFRQFHQWUDWLRQFDQEHREVHUYHGQHDUWKHWRSDQGERWWRPVXUIDFHVRIWKHZHOGIRUQXPHULFDOPRGHOVROYHG
ZLWKDODPLQDUIORZ7KHVHSHDNVFRLQFLGHZLWKORFDOL]DWLRQRIHGGLHVIRUPHGE\WKH0DUDQJRQLHIIHFW7KXVZLWKRXW
XVH RI WXUEXOHQW GLIIXVLRQ VLPXODWLRQV VKRZ DQ LQFUHDVH RI FRQFHQWUDWLRQ RI DOOR\LQJ HOHPHQWV LQ WKH FHQWHU RI
ELJJHVWHGGLHV7KHFDOFXODWLRQZLWK݇ െ ߱PRGHOLVHVVHQWLDOWRREWDLQDQLPSRUWDQWPL[LQJRIDOOR\LQJHOHPHQWVLQ
WKHPHOWHG]RQH,QGHHGRQO\DWXUEXOHQWGLIIXVLYLW\JLYHVDJRRGPL[LQJLQWKHZHOGSRRO/DPLQDUIORZGRHVQRW
FDOFXODWH VPDOO HGGLHV LI WKHPHVK VL]H LV QRW VPDOOHU WKDQ WKH VL]HRI WKHVH HGGLHV+RZHYHU LW LV LQ WKHVH VPDOO
HGGLHV WKDW WKHPDLQSDUW RIPL[LQJRFFXUV7KHG\QDPLFYLVFRVLW\ IURP WKH݇ െ ߱PRGHOKDV WREH FDOFXODWHG LQ
RUGHU WR DFFHVV WR WKH WXUEXOHQW GLIIXVLRQ FRHIILFLHQW LQ WKH ZHOG SRRO )LJXUH  7KLV WHUPሺߤ்ሻEHFRPHV WKH
SUHGRPLQDQWWHUPRI)LFNODZQHDUWKHFHQWHURIELJJHVWHGGLHVDQGDWWKHLQWHUIDFHEHWZHHQWKHVHELJJHVWHGGLHV
1XPHULFDOUHVXOWVKDYHEHHQIRXQGLQJRRGDJUHHPHQWZLWKH[SHULPHQWDOGDWDIRU݇ െ ߱PRGHO)LJXUH)RUDOO
FRQVLGHUHGFDVHVJRRGUHSUHVHQWDWLRQRIDOOR\LQJHOHPHQWGLVWULEXWLRQ LVREVHUYHG ,QFDVHRI1L IRLOPHOWLQJ IRU
ERWKSRVLWLRQVRI WKH IRLO WKH GLOXWLRQRI1L DURXQGɘΨZDV DWWDLQHGZKLFK LV LQJRRG FRUUHVSRQGHQFHZLWK
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UHVXOWVRI(';DQDO\VLV,QFDVHWKUHHWKHZHOGIRUPHGEHWZHHQVWHHOVFRQWDLQLQJDQGɘΨ0QVKRZHG0Q
GLOXWLRQ RI  ɘΨERWK QXPHULFDOO\ DQG H[SHULPHQWDOO\ 7R REWDLQ WKLV UHVXOW WKH GLIIHUHQFH RI PHOWLQJ SRLQWV
EHWZHHQWKHVHWZRVWHHOVKDVWREHWDNHQLQWRDFFRXQW%DVLQJRQ)H0QSKDVHGLDJUDP)H0QWKHPHOWLQJSRLQWRI
ʹʹɘΨ0QVWHHOZDVFRQVLGHUHGWREH.LQIHULRUWRWKHPHOWLQJSRLQWRIWKHͳǤͷɘΨ0QVWHHO

)LJ7XUEXOHQWGLIIXVLRQFRHIILFLHQWLQWKHLQLWLDOMRLQWSODQHRIWKHFDVHVROYHGZLWK࢑ െ ࣓PRGHO
&RQFOXVLRQ
$ ' PRGHO RI IXOO SHQHWUDWHG ODVHU ZHOGLQJ EHWZHHQ GLVVLPLODU PDWHULDOV KDV EHHQ GHYHORSHG :HOG VKDSH
GLPHQVLRQVKDYHEHHQIRXQGLQJRRGDJUHHPHQWZLWKH[SHULPHQW+RXUJODVVVKDSHRIWKHZHOGFURVVFXWLVREVHUYHG
GXHWR0DUDQJRQLHIIHFW
7XUEXOHQW݇ െ ߱PRGHO ZDV IRXQG WR EH WKH PRVW DGHTXDWH IRU VROYLQJ WKH FRQYHFWLRQ SUREOHP FRPSDUHG WR
ODPLQDUDQG݇ െ ߝPRGHO7XUEXOHQWIOXLGFRQYHFWLRQLV WKHPDLQGULYLQJIRUFHRI WKHPL[LQJSURFHVV7KHELJJHVW
HGGLHVIRUPHGE\0DUDQJRQLFRQYHFWLRQDQGE\VKHDUVWUHVVRISOXPHDOORZLPSRUWDQWGLVSODFHPHQWRISDUWLFOHVLQ
WKHSRRO)RXUHGGLHVIRUPQH[WWRWRSDQGERWWRPVXUIDFHVGXHWR0DUDQJRQLHIIHFWDQGJHQHUDWHDIORZJRLQJIURP
WKHFHQWHUWRWKHERXQGDULHVRIWKHZHOGSRROZLWKWKHKLJKHVWYHORFLW\RQVXUIDFHV3OXPHVKHDUVWUHVVFRQWULEXWHVWR
WZRLPSRUWDQWHGGLHVLQORQJLWXGLQDOSODQH7KHQVPDOOHGGLHVWKDWDUHQRWFDOFXODWHGLQWKLVPRGHOEXWHVWLPDWHGE\
WXUEXOHQWYDULDEOHVNDQGȦDOORZWRWKHSDUWLFOHVWRPRYHIURPRQHPDMRUHGG\WRDQRWKHU
Post-mortem ;PDSSLQJRIDOOR\LQJHOHPHQWVRQZHOGFURVVVHFWLRQKDYHEHHQVKRZQHIILFLHQW WRFRQFOXGHRQ
IORZPHFKDQLVPV LQPHOWHG ]RQH E\ UHYHUVH HQJLQHHULQJ 1XPHULFDO UHVXOWV REWDLQZLWK݇ െ ߱PRGHO KDYH EHHQ
IRXQG LQ JRRG DJUHHPHQW ZLWK H[SHULPHQWDO UHVXOWV LQ WKH WKUHH FDVHV ZLWKRXW FKDQJLQJ DQ\ SDUDPHWHU H[FHSW
PDWHULDOSURSHUWLHV
7KLVPRGHO LV UREXVW WR WKH FKDQJH RIPDWHULDOV ZHOGHG DQG SUHOLPLQDU\ UHVXOWV VKRZ D JRRG EHKDYLRU DERXW
FKDQJHRIZHOGLQJSDUDPHWHUVOLNHZHOGLQJVSHHGODVHUSRZHURUODVHUEHDPSRVLWLRQIURPWKHLQLWLDOOLQHMRLQW
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